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Abstract

Host plant associations of mainly West Palaearctic gall midges have been analyzed to ex-

plain some of the radiation of this highly speciahzed group of endophytophagous insects.

Gall midges behave according to some predictions formulated for phytophagous insects in

general: woody host plants accumulate more gall midge species than herbaceous ones. In

other aspects gall midges seem to be different: taxonomical affinity of host plants might be

more important to explain radiation in gall midges than it is for other groups of plant feed-

ers, especially external feeders. Furthermore, gall midges deserve particular attention be-

cause the gall inducing feeding mode in this group might be a result of polyphyletical devel-

opment. Specialization on host plant organs has been analyzed to support this assumption.

Finally, various evolutionary processes allied with insect —host plant interactions have been

analyzed for gall midges. Sequential evolution could be demonstrated in this group and

some examples of apparent parallel cladogenesis, each dealing with a different rank of host

plant taxonomy, are treated.

Introduction

According to recent estimates, about 792,000

species of insects have been described, of which

46% feed upon plants (Southwood, 1978; Price,

1977). Important pioneer work on insect —host

plant interactions has been done by Verschaffelt

(1910), Dethier (1954) and Fraenkel (1959). The
enormous expansion of literature on this subject

began with the classic papers by Ehrlich & Rav-

en (1964) on co-evolution, MacArthur & Wil-

son's (1967) theory of island biogeography and

Janzen's (1968) application of the latter theory

to insect-host plant interactions. Recent books

by Crawley (1983) and Strong et al. (1984) offer

a thorough introduction to the literature on this

subject. Plant chemistry and, because related

plant taxa often share similar compounds, plant

taxonomy played an important role in earlier

studies. Gradually more host plant traits be-

came involved to explain accumulations of in-

sect species on host plant taxa. Fowler & Law-
ton (1982), for example, used no less than nine

variables, a potpourri of characteristics of host

plants, phytophages and natural enemies of

phytophages in a multiple regression calculation

to explain the species richness of leafminers on
British Umbelliferae. In the latter study, host

plant taxonomy is not even a significant factor

anymore: 61% of the variation is explained by
habitat diversity and leaf form of the host

plants. In another study, however, about leaf-

miners on British trees, 36% of the variation

was caused by taxonomical diversity alone, geo-

graphic range being the second trait in impor-

tance (Godfray, 1982).

When the literature is subdivided according

to the different guilds of phytophagous insects,

it is remarkable that papers dealing with exter-

nal plant feeders (chewing and sucking insects)

are abundant, whereas references on endophy-
tophages, such as miners and gall insects are

scarce. Nevertheless it is obvious that not only

among external plant feeders, but also among
endophytophages there are many species with

an important impact on host plant development

and seed production, in natural situations (e.g.,

Harnett & Abrahamson, 1979), as well as in

pest control (e.g., Bess & Haramoto, 1959) and

in agriculture (e.g., Skuhravy et al., 1983). Fur-

thermore, in important aspects endophyto-

phages differ basically from external plant feed-

ers and deserve therefore special attention. Gall

insects in particular not only depend on plants

for nutriment, but also for shelter, which is con-

structed by manipulating the defense reactions

of the host plants. This very precise tuning of
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the insect's needs to the plant's potentials may
explain why polyphagous gall insects (species

attacking host plants belonging to different fam-

ilies) are extremely scarce, whereas monopha-
gous species are abundant. For this reason eco-

logical opportunists (species shifting to new
host plants which are in close proximity to,

rather than taxonomically related with, the orig-

inal ones) may be rare too among this group. A
further consequence of the gall inducing feeding

mode is that colonization of new resources by
these insects, but also by miners, is a substan-

tially slower process (Strong et al., 1984).

Therefore, long term processes, playing in

"evolutionary time", rather than short term

processes, in "ecological" time, seem to be more
apparent in interactions between host plants and

gall midges.

The present study deals with host plant rela-

tions of mainly West Palaearctic gall midges.

Compared with other groups of endophyto-

phages, gall midges have some advantages. As a

group, they have a broad host plant spectrum,

whereas cynipids, another main group of gall

insects, are abundant on Fagaceae and Rosaceae

only. Agromyzids are also an important group

of endophytophages, but are restricted to par-

ticular plant organs, mainly leaves.

Until now, it has been impossible to analyze

host plant relations of gall midges on a world

basis since the detailed knowledge needed for

such a study is only available for some parts of

the temperate regions. Therefore this study is

restricted to data presented by Buhr (1964

—

1965) and Skuhrava (in press) for the West Pal-

aearctic, extended in some cases, where infor-

mation from the Nearctic was necessary, to Felt

(1940) and Gagné (1969, 1981). Whether the re-

sults will hold for other climatic areas must be

considered in future.

In the next section some main characteristics

will be given of the ecology and taxonomy of

gall midges. Which life history traits of gall

midges are important in connection to host

plant relations and change of host plants? How
are the Cecidomyiidae, the family gall midges

belong to, subdivided and which group(s) gave

rise to gall inducers? Gall midges may be unique

among gall insects, because arguments exist for

a polyphyletic transition of Cecidomyiidae to

the gall inducing feeding mode (Mamaev, 1968).

A comparison will be made for subgroups of

gall midges to investigate whether specialization

to different host plant organs (vegetative or gen-

erative) may contribute evidence for such a

polyphyletic shift.

Subsequently, our attention will be focussed

on host plant diversity. Because an analysis of

evolutionary aspects is our main goal, only tax-

onomical and some structural diversity of host

plants will be considered to explain radiation of

gall midges. Taxonomically diverse plant fami-

lies, including many species, are supposed to

support more midge species than less diverse

families, because there is more scope for adap-

tive radiation among phytophages in diverse

taxa (Crawley, 1983). Also we will contrast

woody against herbaceous host plants, because

the first live longer and may be structurally

more diverse, and are therefore a more predict-

able resource offering again more opportunities

for adaptive radiation (Lawton, 1983). Other
traits of host plants, such as geographical range,

local abundance and habitat diversity, important

ecological variables indeed, must be omitted be-

cause accurate scoring is only possible for some
local areas, but not for the West Palaearctic as a

whole.

Finally, knowing something about interac-

tions between structural and taxonomical traits

of host plants and gall midge diversity, ques-

tions rise about the consequences for the evolu-

tion of these phytophages. Some interactions re-

sulted in the occurrence of related midge species

on related groups of host plants. But how abun-

dant are apparent parallel patterns in the clado-

genies of gall midges and host plants and to

what extent did they evolve? Are examples of

parallel cladogenesis the result of plant —gall

midge interaction, or were the host plants

changed under influence of other selection fac-

tors and did the gall midges follow these

changes? Wewill draw up examples of parallel

cladogenesis and discuss the processes.

Life history patterns

Knowledge of Ufe history patterns is essential

for evolutionary studies because each mode of

speciation needs particular prerequisites of the

involved organisms. Speciation processes of gall

midges, which are relevant here, are those in

which host plants are involved. Modes of sym-

patric speciation might exist when host plant

shifts occur and assortative mating can be dem-

onstrated. Partners are preferred which share

the same food plant, or a highly similar food

resource, during the larval phase. Therefore,

mating site, oviposition site and site of larval de-
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velopment have to be coupled by localization

on the same host. A transfer to a new host re-

sults then not only in a new resource, but chan-

nels the gene flow by separating mating and ovi-

position sites of original and shifted populations

(Bush, 1975; Zwölfer & Bush, 1984). On the

other hand, modes of allopatric speciation may
result from co-evolution, as a reciprocal process

between host plants and phytophages or, when
the impact of phytophages on host plant

changes is doubtful or absent, sequential evolu-

tion (Jerrny, 1976). Also co-evolution and se-

quential evolution require a highly coupled

niche structure, but host plant shifts are absent.

Therefore, cladogenesis of both groups of

organisms is characterized by corresponding di-

chotomies (Regenfuss, 1978). In order to inves-

tigate which modes of speciation may occur in

gall midges, relevant phases of the gall midge

life history are analyzed.

Gall midges') alternate a sedentary phase, en-

capsulated in a gall, with a free-living adult

phase, in which dispersion is possible. The free-

living phase starts with the emergence of the

adults. Males usually emerge some hours earlier

than females and periods of activity are species

specific (Coutin & Harris, 1968; Jones et al.,

1983; Skuhravy & Skuhravâ, 1982). After a

short period of rest males start swarming in

search of females; usually they hover in groups

in close proximity to galls where emergmg fe-

males are expected. Males may mate several

times (Van Vreden & Arifin, 1977). Females,

like males, rest for a while after emergence.

During this period the ovipositor is extended in

a calling position, emitting sex pheromones
(McKay & Hatchett, 1984). Attracted males co-

pulate immediately, without any courtship be-

haviour. Females mate once, after mating they

retract the ovipositor and are not receptive any

more.

The mating, or "rendez-vous" site depends

on the site where pupation occurs and, conse-

quently, the female emerges. Before pupation,

mature larvae either drop onto the soil or re-

main in the gall. Galls, in their turn, either may
be shed from the host plant or may remain con-

nected with it. Fertilized females disperse in

search of host plants. Dispersal is mainly passive

but females, as well as males, are able to fly

agamst weak wind currents and respond to ol-

') Gall midges in the strict sense are gall inducers.

Among Cecidomyiidae, gall midges sensu lato, some
aberrant forms are predators. These are not sedentary.

factory cues (McKay & Hatchett, 1984; Skuhra-

vy et al., 1983; Sylvén, 1970).

Eggs are usually laid on or close to the site

where the neonate larva will penetrate the host

plant. There is a considerable variation in

clutch-size. The number of eggs may be one per

oviposition or up to five. Some species, e.g.,

Contarinia pulchripes (Kieffer), deposit all (up

to 150) eggs in one batch (Parnell, 1963). Lar-

vae, eclosed from the same clutch, are gregari-

ous within a gall.

Many midge species produce unisexual fami-

lies, i.e., the offspring of one female are either

all male or all female. This mechanism of sex

regulation might be common in gall midges be-

cause the sex ratio departs in many cases from
1:1, the ratio expected in obligatory crossbreed-

ing species. The mechanism has been studied by
Metcalfe (1935) and Gallun & Hatchett (1969)

for the Hessian fly, Mayetiola destructor (Say).

Characteristics of the host plant, such as

chemical composition and phenology, may have

an important impact on gall midge development

and, ultimately, on fitness. Host plants that are

selected for oviposition may be less suitable, or

even unsuitable for larval development. Females

of Dasineura hrassicae (Winnertz), for example,

prefer pods of Brassica napus and B. campestris

for oviposition but also lay eggs on B. juncea

and B. nigra. However, the percentage of

hatched eggs on the latter pair of host species is

lower and larval development less successful,

resulting in females with lower egg production

(Âhman, 1981 and in press). Females of Haplo-
diplosis marginata (Von Roser) search first for

grasses or cereals, but if these are not available,

especially during outbreaks, they will lay eggs

upon any other plant and even on the soil.

However, galls are only induced in grasses be-

longing to the tribes Triticeae and some Ave-

neae. Many eggs are laid upon Avena sativa, but

there is very little survival on this species. For
that reason Avena sativa is suggested for bio-

logical control of Haplodiplosis in schemes of

crop rotation (Skuhravy et al., 1983).

Another factor for successful larval devel-

opment is synchronization of host plant and gall

midge phenologies. Winter varieties of wheat

and barley are less susceptible for Haplodiplosis

than summer varieties because neonate larvae

are unable to penetrate, at the time of attack, the

more mature tissues of earlier planted varieties

(Nijveldt & Hulshoff, 1968; Skuhravy, 1982;

Skuhravy et al., 1983). Phenological synchroni-

zation is also important in other gall midge
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pests, e.g., Orseolia oryzae (Wood-Mason) on

rice (Van Vreden & Arifin, 1977), Thecodiplosis

brachyntera (Schwägrichen) on pine trees

(Skuhravy & Hochmut, 1969; Skuhravy, 1970).

Hatchett & Gallun (1970) demonstrated a ge-

netic basis for the abihty of Mayetiola destruc-

tor (Say) to survive on different races of wheat.

These races of wheat possess genes for resis-

tance against attacks of Mayetiola, which on its

turn can also be subdivided into races having

genes to overcome this resistance. The gene-for-

gene interaction between wheat and Hessian fly

might have been developed as a reciprocal pro-

cess (Gallun, 1977).

At the end of this section on life history pat-

terns and host plant suitability we may conclude

that variation in life history patterns, relevant

for particular modes of speciation, is mainly

present during the free-living adult phase.

Sometimes a highly coupled niche structure ex-

ists indeed: if the pupation site is the gall, and

the host plant is long-lived, emerged females

may mate and lay eggs on the same host plant.

Female dispersal is especially reduced when the

eggs are laid in few (or only one) large batches

(Weis et al., 1983). However, swarming of

males and determination of sex by the mecha-

nism of unisexual families considerably reduces

the possibilities of assortative mating and hence

sympatric speciation. Furthermore, oviposition

on alien host plants occurs under some condi-

tions, but the possibility of larval development
may be a considerable hurdle for host plant

shifts. Therefore, allopatric models of speciation

will prevail in gall midges. Nevertheless, it is

hard to imagine that in genera which exhibit ex-

treme resource partitioning, such as the 62 Ste-

faniola species on Haloxylon, or the 28 Rhopa-
lomyia species, distinguished by Jones et al.

(1983) on Artemisia tridentata, have exclusively

radiated according to an allopatric model of

speciation.

Taxonomy of gall midges

Gall midges belong to the nematoceran fami-

ly Cecidomyiidae (4,300 described species

according to estimates of Skuhrava, in press).

Within the suborder Nematocera the Cecido-

myiidae are a distinct group: wing veins are

generally weak and reduced in number, the cos-

tal vein is usually continuous around the wing
and tibial spurs are absent. The larvae, usually

bright yellow, orange or reddish in colour, pos-

sess a supernumerary "neck" segment between
head and thorax, which allows a great mobility

of the head. On the ventral side of the protho-

rax a pecuHar sclerotized plate, the sternal spat-

ula, is usually present. According to Mamaev
(1968) the Cecidomyiidae are closely related to

the mycetophagous scavengers Sciaridae, Sca-

topsidae and Hyperoscelidae.

A generally adopted subdivision of the family

is still lacking. Mamaev (1968), following Rüb-
saamen & Hedicke (1925 —1939) distinguished

only two subfamilies: the Lestremiinae, with

undifferentiated tarsi and with the ocelli usually

present; the Cecidomyiinae with short first tar-

someres and ocelli absent. Mohn (1955), fol-

lowed by many modern students of the group,

proposed a tiiird subfamily Porricondylinae.

However, he was only able to separate this sub-

family by larval characters concerning position

and shape of the anal aperture. Mamaev, refin-

ing Rübsaamen & Hedicke's system, differ-

entiated the system to the subtribal rank, but

many other specialists consider his system ten-

tative and do not use it. The system used by
Skuhrava (in press) in her catalogue is compared
here with Mamaev's system in table 1. Further

differences concerning the Cecidomyiinae deal

with taxa that are difficult to place. First, the

Stomatosematidi in Skuhrava's system, for ex-

ample, share various archaic traits, such as wing
venation (Rs well developed) and female genita-

lia (short, not extensile, sometimes even two-

segmented cerei) with Porricondylinae, but dif-

fer from this subfamily by the male genitalia,

which are reminiscent of those of Lasiopteridi.

Gagné (1975), therefore, proposed an indepen-

dent supertribal status for this taxon. Secondly,

Gagné (1976) placed Oligotrophini and Lasiop-

terini in the supertribus Lasiopteridi because

these tribes share derived character states of fe-

male genitalia and antennal flagellomeres; these

are lacking in their sister-group Ledomyiini,

which in its turn is characterized by derived

conditions regarding tarsal claws and male geni-

talia. The relationships of Brachineura, Epimyia

and Rhizomyia, placed in separate tribes, are

still unclear. These genera are now placed in La-

siopteridi, but may be better regarded as un-

placed (Gagné, 1976). Because of the still very

uncertain relationships of Gagné's Stomatose-

matidi and Ledomyiini, we here adopt Ma-
maev's classification, at least as far as it concerns

the tribal subdivisions.

Our special attention is focussed on host

plant relations and their importance for the evo-

lution of the gall midges. Therefore we will now
analyze the phyletic relations of the tribes in
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Table 1. Comparison of systems of Cecidomyiidae according to Mamaev (1968) and Skuhrava (in press, pre-

sented with permission from the author). I, inquiUne; M, mycetophagous; P, phytophagous and gall inducing;

Z, zoophagous.
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Table 2. Tribal preference for vegetative (veg.) and generative (gen.) host plant tissues. Gall midges belonging to

the "mixed" category attack both types of tissues. Data are from an analysis of keys on plant galls by Buhr

(1964 —1965), only described gall midge species included and inquilines excluded. Expected values according to

"chi-square" calculation (in brackets).
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ical control. Apart from the Cecidomyiini, some
species of Trotteria {T. galii Rübsaamen and T.

ligustri Barnes), Lasiopterini, and of Ledomyia
(L. acariphaga Marikovskij, L. acerina Giraud

and L. cardui Kleffer), Oligotrophini, are sup-

posed to be predators. Other forms of both gen-

era are inquihnes, and are regarded as early off-

shoots within their respective tribes (Mamaev,

1968; Mohn, 1966). No conclusion is possible

about the origin and evolution of the zoopha-

gous Cecidomyiini. They may have evolved

polyphyletically from either mycetophagous or

phytophagous ancestors. Mohn (1955) indicated

three groups of related genera, namely, the Les-

todiplosis group (e.g., Lestodiplosis, Feltiella and

Therodiplosis, predators of gall midges, aphids

and mites), the Phaenohremia group (e.g.,

Phaenobremia, Aphidoletes and Monohremia,
on aphids) and the mutually close endoparasi-

toids Endaphis and Endopsylla.

A cladogram of Mamaev's tribal division of

the Cecidomyiinae is presented in fig. 1. The
synapomorphies (shared derived character

states) 5 and 6, concerning male genitalia and

antennae of both sexes, validate the two com-
plexes of Oligotrophini-Lasiopterini and Ceci-

domyiini-Asphondyliini. At dichotomy A, a la-

siopterine form adopted phytophagy and sepa-

rated from the Oligotrophini. Then, at a further

dichotomy an oligotrophine form, becoming

phytophagous too, separated from the remain-

ing mycetophagous Oligotrophini. A similar

process, starting at B, subsequently gave rise to

phytophagous Asphondyliini and Cecidomyii-

ni. Hence, unless mycetophagy in Oligotrophi-

ni and Cecidomyiini is a derived feeding mode,

the transition to phytophagy, culminating in

gall inducing, occurred several times in a paral-

lel way. Morphological arguments (fig. 1, the

synapomorphies 7, 8, 10 and 11) as well as argu-

ments emerging from gall midge parasitoids

make a secondary transition to mycetophagy
highly improbable. Mycetophagous and phy-

tophagous cecidomyiids both have scelionid

parasitoids. Chalcidoid parasitoids, however,

are abundant on phytophages but do not attack

mycetophages. If mycetophages have evolved

from phytophages, undoubtedly some chalci-

doid parasitoids would have followed their

hosts and would now be present on myceto-

phages (Mamaev, 1968).

Specialization on host plant organs

The transition from mycetophagy to phyto-

phagy is supposed to coincide with the expan-

sion of the angiosperms during the Upper Cre-

taceous, about 65 million years ago (Klausnitz-

er, 1977; Mamaev, 1968; Zwölfer, 1978). In

Upper Miocene formations, 30 million years

ago, all gall midge tribes were well represented

(Gagné, 1973). Two prerequisites presumably
were responsible for angiosperm expansion,

namely, the progressive development of the

conducting system ensuring intensive

movements of sap and rapid progress in the de-

velopment of the flower as an adaptation to in-

sect pollination (Takhtajan, 1954). If the earUer

assertion of a polyphyletic transition to phyto-

phagy is true, it might be reflected in different

specializations of the phytophagous members of

the various tribes to the different progressive

developments of their host plants. In other

words, some tribes might basically be adapted

to exploit the conducting system of their host

plants, subsequently colonizing other organs,

such as leaves, whereas other tribes might be

primarily adapted to generative structures, such

as flowers, compact inflorescences as heads of

Asteraceae and fruits.

With the help of table 2 we can investigate

whether differences exist at the tribal rank in the

specialization of gall midge species on tissues of

their host plants. The species, compiled from
Buhr (1964 —1965), are subdivided into three

categories: those causing deformations of vege-

tative structures, of generative structures and

those with a "mixed" strategy, attacking both

vegetative and generative structures. The data

have been submitted to a chi square-test. The
null hypothesis, i.e., no significant differences

exist between tribes regarding specialization for

organs of host plants, has to be rejected (x^
=

54.8,DF = 6,P«0.001).
The frequencies of Lasiopterini accord with

the expected ones (in brackets), although the

species of this tribe have ovipositors which are

primarily adapted to abrade stems and to insert

eggs into them. Ozirhincus, although sharing

these morphological features, is aberrant, gal-

ling generative instead of vegetative tissues. In

North America, where the Lasiopterini are well

represented, most species are stem feeders since

only six out of 70 species belong to the "genera-

tive" or "mixed" category (Felt, 1940; Gagné,

1969). Oligotrophini have a distinct preference

for vegetative organs. Aberrant oligothrophine

genera are Gephyraulus, Kaltenbachiola and Se-

mudobia; aberrant species are found in most

larger genera, viz., Dasineura, Jaapiella, Macro-

labis, Misospatha, Rhopalomyia and Wachtliel-
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Table 3. Distribution of gall midge species among orders of vascular plants. Only orders with West Palaearctic

representatives have been considered and are subdivided into a fundamentally woody ( + ) category and a funda-

mentally herbaceous one (Hutchinson, 1969). The numbers of the orders refer to Takhtajan (1980), the numbers

of plant species are taken from Rothmaler (1972), those of gall midge species from Buhr (1964 —1965). (1)
=

Hutchinson's Brassicales; (2) = Hutchinson's Umbellales.

(sub)class
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la. Asphondyliini occur predominantly on gen-

erative structures. However, Polystepha is aber-

rant as are nine out of 28 Asphondylia species.

The situation is rather complex in Cecidomyii-

ni. Although almost half of the species induce

galls in vegetative tissues, a substantially larger

portion is predicted. Contarinia, by far the

largest genus of Cecidomyiini, is almost com-
pletely responsible for deviations of this tribe

from the expected value.

The ambiguous preference of Cecidomyiini

does not allow drawing conclusions about the

original specialization of the group. Two alter-

native ways of radiation might be possible.

First, as in Oligotrophini, a phytophagous be-

haviour started on vegetative parts and differ-

entiation at the generic level coincided with a

shift to generative parts. The radiation of Con-

tarinia has than to be regarded in connection

with this shift from vegetative to generative or-

gans. Secondly, as in Asphondyliini, the prefer-

ence of Contarinia for generative organs should

be regarded as original. Specialists of vegetative

tissues, belonging to Contarinia as well as to

other genera, then have ancestors on generative

parts. Synapomorphic conditions of male geni-

talia and antennae in Cecidomyiini and Asphon-
dyhini (fig. 1 : 6) support the second alternative,

but a further phylogenetic study (according to

current opinion Contarinia is not monophylet-
ic!) is needed to solve this problem.

Species richness and host plant diversity

A further consequence of the assumed coin-

cident radiation of gall midges and host plants is

that these ecologically hnked groups of organ-

isms are expected to illustrate Eichler's rule

(Eichler, 1948; Price, 1977): host plant taxa

with many species will support more midge spe-

cies than taxa which are less diverse, because

there is more scope for radiation among the

midges. In table 3 the accumulations of gall

midge species are given for all orders of West
Palaearctic vascular plants. All dicotyledonous
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Fig. 2. Interdependence of numbers of plant and gall midge species per plant family. Midge species according to

Buhr (1964 —1965), plant species according to Rothmaler (1972).
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orders which include ten species or more have

host plants attacked by gall midges. Fagales,

Salicales and Fabales (Leguminosae) in particu-

lar have host plants which shelter numerous gall

midge species. Large monocotyledonous orders,

such as Juncales and Orchidales, as well as most

ferns and gymnosperms, lack gall midges.

Poales and Cyperales, however, have many rep-

resentatives with gall midges.

In fig. 2 the interdependence between the

number of gall midge and host plant species per

plant family is analyzed. Contrary to earlier stu-

dents of insect species richness (e.g., Lawton &
Price, 1979; Fowler & Lawton, 1982), we used

the plant family and not the plant genus as the

variate for "taxonomie diversity" (= taxonomie

isolation) of host plants. This is because the pre-

sent study involves many host plant families,

whereas Lawton, Price and Fowler only dealt

with one family, UmbeUiferae. Furthermore, in

different families different criteria are used to

delimit genera, which makes genera unsuitable

for comparison when more families are in-

volved. For logarithmic transformed data taxo-

nomical interdependence alone explains 52.5%
(r = 0.72) of the variation in gall midge species

richness on host plants, and is therefore a very

important factor. When host plants are subdi-

vided into woody and herbaceous categories the

percentages are even higher, namely, 66.1% (r

= 0.81) for woody and 63.3% (r = 0.80) for

herbaceous host plants. These high percentages

mean that taxonomie diversity, reflecting diver-

sity of host plant chemistry (Hegnauer, 1962

—

1973) is not the only but apparently a major fac-

tor determining accumulation of gall midge spe-

cies on host plants. Similar suggestions were

made by Claridge & Wilson (1981), dealing

with mesophyll-feeding leafhoppers. Price

(1977) observed a similar interdependence for

another group of endophytophages: Agromyzi-
dae. In his calculation 50.4% of the variation of

leafminer species per host plant family was ex-

plained by the number of plant species in that

family (r = 0.71).

The regression lines for woody and herba-

ceous host plants do not differ significantly by
slope, only by intercept. Hence, gall midge spe-

cies are more numerous in plant families with

woody representatives than in those with herba-

ceous ones: the "high apparency" of long-lived

woody host plants (Fox, 1981; Lawton, 1983;

Lawton & Schröder, 1977; Klausnitzer, 1977)

also works positively out for gall midges.

When the gall midges are subdivided into

Table 4. Tribal preference with respect to the life

form of host plants. Data after an analysis of the keys

by Buhr (1964—1965).
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Lens., Medicago, Melilotus, Pisum and Vicia).

These host plants either occur under natural

conditions in dense populations, or are also cul-

tivated.

Parallel patterns in gall midge and host
PLANTevolution

If related parasites live on related hosts, allo-

patric speciation patterns in both groups of

organisms may have evolved along parallel

lines: dichotomies in host cladograms then have

corresponding dichotomies in cladograms of

parasites. Corresponding dichotomies or co-

cladogeneses may be the result of a reciprocal

process between hosts and parasites: parasite at-

tack, reducing fitness of the host, provokes the

host to develop defense or avoiding mecha-

nisms. Parasites, on their turn, try to overcome

host defenses by counter adaptations and so on.

However, long term reciprocal interactions (de-

fined by Janzen (1980) as co-evolution) are not

the only process resulting in parallel patterns.

Moreover, when they do so, they may be diffi-

cult to measure. Parasites usually share their

host plants with many other parasites, each pos-

sessing different trophic links with their hosts

(Klausnitzer, 1977). A change of a host, to

avoid one parasite, might be advantageous for

another. The complexity of interactions reduces

the profits of that change (Fox, 1981). Changes

in the host plant may also, and more frequently,

be the result of responses to abiotic changes of

the host plant habitat. Parasites may follow the

changes of their hosts for their own benefit.

This type of parallel evolution has been defined

by Jermy (1976) as sequential evolution. Fi-

nally, speciation processes in host plants and

parasites may coincide, but as independent re-

sponses to the same abiotic factor. Vicariance,

caused by the same geographic isolation in sub-

groups of hosts and parasites, may so cause a

parallel pattern in the phylogenies of both

groups (e.g., Roskam, 1979).

Parallel patterns need not necessarily be strict

because phytophages, unlike many parasites of

vertebrates, have a free phase during their hfe-

cycle. While dispersion of vertebrate parasites

usually occurs by conspecific contacts of their

hosts, dispersion of phytophages, at least in gall

midges is possible during a free-living phase, as

was reported in the above. They may shift to

other, usually related, host species during that

phase, causing disturbances of parallel patterns

(Regenfuss, 1978).

Whereas the host range of zoophagous and

saprophagous cecidomyiids is relatively wide

(Nijveldt, 1969; Skuhrava, 1973), most gall in-

ducing and inquiline species have only narrow
host plant ranges. They usually attack some re-

lated species belonging to the same genus, or

species belonging to closely related genera. Ex-

ceptions are, e.g., Lasioptera carophila F. Loew
and Kiefferia pimpinellae (F. Loew) on Apia-

ceae; Dasineura sisymhrii (Schrank), D. hrassi-

cae (Winnertz) and Gephyraulus raphanistri

(Kieffer) on Brassicaceae. Both host plant fami-

lies are distinct by chemical compounds, fura-

nocoumarins and mustard oil glucosides, re-

spectively. Some Asphondylia species alternate

host plants during their life-cycle, as do aphids.

According to Orphanides (1975), the winter

generation of the carob gall midge, Asphondylia

sp., induces galls in pods of carobs, Ceratonia

siliqua. Summer generations, however, attact

various, not related, plant species, viz.. Capsi-

cum and Solanum (Solanaceae), Capparis (Cap-

paridaceae). Eruca and Sinapis (Brassicaceae),

Hypericum (Hypericaceae), Verbascum (Scro-

phulariaceae), Sesamum (Pedaliaceae) and even

monocots, viz., Urginea and Asphodelus (Lilia-

ceae). It is still uncertain whether midges reared

from these plants will be conspecific. Some,

however, certainly are. A similar situation

seems to exist in the soybean gall midge, ^5-

phondylia sp., overwintering in soybean pods

but with unknown summer hosts (Yukawa et

al., 1983).

Among gall midge genera large differences

exist regarding the breadth of their host plant

spectrum. In table 5 gall inducing midge genera

are subdivided into three categories, namely,

monophagous, oligophagous and polyphagous

genera. Genera with eight species or more are

listed, whereas smaller genera only are indicated

by their number of species. The large genera

Dasineura, Contarinia, Jaapiella and Macrola-

bis, but also the smaller Wachtliella, are pre-

sented in brackets, because they are highly arti-

ficial and therefore do not allow conclusions

about the affinities of their host plants. Interde-

pendence between gall midge species diversity

and breadth of the host plant spectrum seems to

be absent: not only large genera as Asphondylia,

Rhopalomyia and Lasioptera are polyphagous,

but also many small genera consist of species

which occur on host plants belonging to differ-

ent families. Monotypic polyphagous genera are

absent.

Lasioptera and Neolasioptera are two large

genera which are thought to be natural. Gagné
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Table 5. Host plant spectrum of gall midge genera. M, monophagous genera, all host plants belong to only one

genus; O, oligophagous genera, host plants belong to one family; P, polyphagous genera, host plants belonging

to several families. Data from Skuhrava (in press, with permission from the author). P'or further explanation, see

text.

genus nr. of
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raceae) and Molinia (Poaceae), respectively.

Plemiella abietina Seitner and P. betulicola

(Kieffer) have Abies (Pinaceae) and Betula (Be-

tulaceae), respectively, as host plants. These
genera may involve examples of ecological op-

portunists because the host plants on which
their species occur share the same habitat.

Other genera vi^ith two species, however, occur

on host plants which have neither taxonomical,

nor apparent ecological connections, e.g., Dic-

tyomyia navasiana Tavares and D. salsolae Ta-
vares on Santolina (Asteraceae) and Salsola

(Chenopodiaceae), Schizomyia galiorum Kieffer

and S. tami Kieffer on Galium (Rubiaceae) and

Tamus (Dioscoreaceae).

On the other hand, some larger genera ra-

diated on closely related host plants. Stefaniola

and Planetella have host plants belonging to on-
ly one genus, Haloxylon and Carex, respective-

ly. Rabdophaga occurs on Salicaceae (mainly on
Salix) and Mayetiola on grasses. Baldratia and
Halodiplosis exclusively occur on Chenopodia-
ceae. When apparently monophyletic genera are

taken together no less than 63% (38 out of 60

genera) radiated on host plants which are taxo-

nomically close.

Examples of parallel cladogenesis in gall

midges and host plants will primarily be found
in genera that radiated on taxonomically related

host plants. In the next paragraph of this section

some of these examples will be treated. The ex-

amples are arranged according to the taxonom-
ical rank of the host plants at which the radia-

tion occurred.

A. Host plant family

Host plants of Asphondylia mainly belong to

two famiHes which are phylogenetically distant,

namely, Leguminosae and Labiatae. Correlated

with the taxonomie position of the host plants

there is a specialization with respect to the host

plant tissue. Out of 28 species mentioned in

Buhr (196^1 —1965), all species on Labiatae (6)

make flower galls, whereas 18 species on Legu-

minosae are specialized on pods (11) or vegeta-

tive parts (6); A. sarothamni H. Loew on Saro-

thamnus causes galls in pods, flowers and

shoots. Hence, species causing flower galls on

Labiatae and fruit galls (and later in evolution-

ary time, shoot galls?) on Leguminosae may
represent two different evolutionary lines in this

polyphagous genus.

Three genera, Mayetiola (Oligotrophini),

Haplodiplosis (Cecidomyiini) and Hybolasiop-

tera (Lasiopterini), of which the latter two are

monotypic, induce galls in culms and shoots of

Poaceae. As a rule, they attack many wild grass-

es. Some species, however, are extremely im-

portant pests of cereals. Mayetiola destructor

(Say), the Hessian fly, is the most important gall

midge species damaging cereals. Wild grasses

from which the species has been reported be-

long to Cynodon (Poaceae-Eragrostideae),

Phleum, Aegilops, and Agropyron (Poideae).

Other Mayetiola species, usually one per plant

genus, induce galls in culms and shoots of Ave-
na, Brachypodium, Calamagrostis (various

Mayetiola species occur in this genus). Dacty-

lus, Holcus, Molinia, Phalaris, Poa and Secale

(all Pooideae).- Giraudiella, one species, closely

related to Mayetiola, induces galls on Phrag-

mites (Pooideae). Hence, most host plants be-

long to the subfamily Pooideae, but at a lower

level apparent patterns are absent.

B. Host plant tribe

Four clusters of oligophagous genera, re-

stricted to Asteraceae, are of particular interest

with respect to parallel cladogenesis (table 6).

All five species of Ozirhincus (Lasiopterini) in-

duce fruit galls in host plants belonging to As-

teroideae-Anthemidae, as does Lasioptera {Pro-

lasioptera) niveocincta (Kieffer). The Nearctic

genus Asteromyia (Lasiopterini), with 20 spe-

cies, only induces galls in members of the tribe

Asteraceae. Two related Oligotrophini genera,

namely, Rhopalomyia (49 spp.), of which 14 are

mentioned in Buhr, and Misospatha (5 spp.), are

present in Anthemidae too. Cystiphora (6 spp.),

which also belongs to the Oligotrophini, only

causes galls in members of the subfamily Cicho-

rioideae. In Cystiphora, there is host specificity

below the genus level: C. hieracii (F. Low) and

C. pilosellae Kieffer are restricted to the Archie-

racium and Pilosella groups of species, respecti-

vely. In Asteroideae-Cardueae both species of

Loewiola (Cecidomyiini) induce leaf galls in

Centaurea and Serratula, whereas Acodiplosis (1

sp.), close to Loewiola, is present on Inula (Inu-

leae). We may conclude that, contrary to gall

midges occurring on grasses, midge genera on

Asteraceae exhibit specificity at the tribal rank.

C. Host plant genus

Many gall midge genera are restricted to only

one host plant genus. Sometimes, related midge

genera have related host plants. Dryomyia, for

example, with four species, is reported from

leaves of Quercus, whereas its relative, Harti-

giola, with one species, causes galls in leaves of
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Table 6. Gall midge genera associated with Asteraceae. Subdivision of Asteraceae according to Engler (1964).

207
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Fagus. Semudobia, with three Palaearctic spe-

cies, occurs on Betula, whereas its relative Mik-
omyia, with one species, causes galls in Corylus.

Within this category three examples have been
selected, viz., Rabdophaga (Oligotrophini),

with 38 species on Salix, Planetella (Cecido-

myiini), with 26 species on Carex, and Semudo-
bia (Oligotrophini) in fruit catkins oi Be tula.

One species of Rabdophaga is known from
twigs of Populus, the other species cause galls in

shoots, twigs and catkins of Salix. Within Salix,

there seem to be three levels of specialization

that coincide with the division of Salix into sub-

genera. Infections are absent from the subgenus
Chaematia Dumortier, all prostrate, small

shrubs. Some Rabdophaga species occur in both
remaining subgenera: Salix s.S. (trees and large

shrubs) and Caprisalix Dumortier (shrubs). R.

terminalis Kieffer, for instance, occurs in shoots

and leaves, R. rosaria (H. Loew) in shoots, R.

deletrix (Rübsaamen) in buds and R. nervorum
(Kietfer) in leaves. However, a number of spe-

cies exclusively attack willows of the subgenus
Salix: R. saliciperda (Dufour) in twigs, R. trian-

draperda Barnes in twigs, R. heterobia (H.

Loew) in shoots and in male catkins. The major-

ity of Rabdophaga species are restricted to the

large genus Caprisalix.

Table 7 presents the host plant relations of 13

Planetella species which are recorded in Buhr
(1964 —1965). Two groups of species are dis-

tinct, namely, the species which cause galls in

sedges belonging to both sections Vignea
(Beauvois) Kükenthal and Carex, and those

which are restricted to the section Carex. Re-
cords are absent from the remaining subgenera
Indocarex Bâillon and Primocarex Kükenthal.
When analyzing Rübsaamen & Hedicke's
(1925 —1939) keys, there is a parallel situation

in gall midges and host plants with respect to

the state of derivativeness of some characters:

the species which exhibit apomorphic character

states in the shape of the adult thorax and/or
number of male flagellomeres, viz., Planetella

tarda (Rübsaamen), rosenhaueri (Rübsaamen),
fischeri (Frauenfeld), tumorifica (Rübsaamen)
and cornifex (Kieffer), only occur on sedges

which in their turn share synapomorphies with
respect to the differentiation of their inflores-

cences in male and female spikes. Unfortu-
nately, the two poorly known species P.

kneuckeri (Kieffer) and P. subterranea (Kieffer

& Trotter), which were only reported from
sedges belonging to the section Vignea, are not
mentioned in Rübsaamen & Hedicke.

Table 7. Species of Planetella associated with subge-

nera of Carex. Subdivision of Carex according to

Chater (1980).
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SEMUDOBIA

sku 'cOSTATAExaz
uj ai

HUMILES^^

bet ACUMINATAE
BETULA

populifolia^iij

coerulea-gr.

platyphylla"^iij

pendula/

papyrifera^uj

fontinalis

davurica^iu

pubescens^^

Fig. 3. Parallel cladogenesis in Betula and Semudobia. The numbers refer to corresponding dichotomies in the

cladograms. The branch which is not supported by apomorphies is indicated by a question mark. CIRC, Cir-

cumboreal; NE, Nearctic; PAL, Palaearctic; PUB, Pubescentes; VERR, Verrucosae; bet, Semudobia betulae;

bre, 5. brevipalpis; sku, S. skuhravae; ste, S. steenisi; tar, S. tarda.

bre

section allows fruit galling Semudobia species to

hibernate in the soil, which is a favourable con-

dition (Mohn, 1961).

Dichotomy 2 in Semudobia is parallelled by

Betula at the series level: S. tarda is common in

birches of the series Pubescentes Sukaczew of

Excelsae, whereas S. betulae predominates in

birches belonging to the series Verrucosae Su-

kaczew. This branching separates birches of dif-

ferent habitat conditions and apparently

evolved under allopatric conditions. However,

the recent birches of both series may occur

sympatrically, as do S. betulae and S. tarda.

Both midge species are able to induce galls in

birches belonging to both series, but their pref-

erence is different, reminiscent to the original,

allopatric situation (Roskam & Van Uffelen,

1981).

Finally, there is a correspondence regarding

the third and fourth branchings, as a result of

geographical vicariance. In both series of the

section Excelsae different species occur in the

western and eastern part of both Palaearctic and

Nearctic. In the "betulae group" of Semudobia

species, viz., S. betulae, S. brevipalpis and S.

steenisi, this vicariance is incompletely parallel-

led : S. brevipalpis and S. steenisi being restricted

to the East and West Nearctic, respectively, and

S. betulae occurring in the whole Palaearctic

(Roskam, 1979).

Wemust conclude, as was expected in phyto-

phages, that parallel branchings in Betula and

Semudobia are not complete. Moreover, fruit-

galling Semudobia species were able to shift to

other phyletic lines of birches under circum-

stances of secondary sympatry. Real reciprocal

adaptations are absent. The first dichotomy is

an example of sequential evolution: a change in

the construction of the catkin, in favour of dis-

persal of the birch fruits, is exploited by the

fruit-galling midges to improve their conditions

for hibernation. All other branchings evolved

simultaneously in plants and midges under con-

ditions of allopatry.
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Conclusions

1. Two feeding modes are common in Ceci-

domyiidae, namely mycetophagy and phyto-

phagy, the latter eventually culminating in gall

induction. Phytophagy, occurring exclusively m
Cecidomyiinae, must be considered as a derived

feeding mode. Outgroup comparison of larval

and adult morphology, and feeding modes of re-

lated nematoceran families are arguments for

this conclusion. Within the Cecidomyiinae two
clusters of tribes can be defined on morphologi-

cal synapomorphies, viz., Oligotrophini —La-

siopterini and Cecidomyiini —Asphondyliini.

Because in both clusters mycetophagous repre-

sentatives exist, and a secondary transition from

phytophagy to mycetophagy is highly improba-

ble, an independent, and hence polyphyletic

transition from mycetophagy to phytophagy

must be accepted in gall midges.

2. "When species richness of gall midges is de-

fined for families of host plants (logarithmically

transformed data), the taxonomie interdepen-

dence of gall midge and host plant species num-
bers explains more than half the variation of gall

midge species richness on those plants. Long-

lived, woody plants accumulate more gall midge
species than short-lived herbs. Contrary to

some results for external plant feeders, taxo-

nomical diversity of host plants is an important

variate for this group of endophytophages to

explain their radiation.

3. At the tribal rank gall inducing Cecido-
myiidae are differently adapted to structures of

their host plants. In Lasiopterini and Oligotro-
phini significantly more species are adapted to

vegetative organs, such as stems, vegetative

shoots and leaves, whereas in Asphondyliini
and Cecidomyiini more species are adapted to

generative organs, such as flowers, inflores-

cences and fruits. If the preference for genera-
tive tissues in Contarinia is original for Cecido-
myiini, the different preference of gall midge
tribes for host plant organs may function as evi-

dence for a polyphyletic transition to phytopha-

gy-

4. Most gall inducing midge species have nar-
row host plant spectra. Limits at the gall midge
genus level are usually narrow too: species of
the same genus have host plants which are also

congeneric or belong to some closely related

genera. Although examples of ecological oppor-
tunists are in the minority, they also exist in gall

midges. Gall midge —host plant relations may

be diffuse: parallel traits between gall midge and
host plant phylogenies are absent, due to shifts

of gall midges to, usually, related host species

during the free living adult phase. Sometimes re-

markable parallel traits are present in gall midge
and host plant phylogenies. Dichotomies at the

species level in gall midges match dichotomies

at various levels of host plant taxonomy. In As-
phondylia a dichotomy is present at the host

plant family level: one cluster of species causes

galls in flowers of Labiatae, whereas another

cluster is restricted to pods or vegetative parts

of Leguminosae. Loewiola and Acodiplosis, two
closely related Cecidomyiini, both occur on As-
teraceae, but have host plants belonging to the

different, also mutually close tribes Cynareae
and Inuleae, respectively. In Rabdophaga and
Planetella specificity is present below the genus
level of host plants. Species of the latter genus,

which exhibit morphological synapomorphous
character stages occur on sedges which in their

turn are also characterized by synapomorphies,
indicating parallel evolution of both groups. In

Semudobia parallel traits with host plant phylo-

geny are obvious. Some corresponding dichoto-

mies evolved independently in both systems as a

result of geographical isolation, one event of

parallel cladogenesis apparently is the result of

sequential evolution.

5. Prerequisites for sympatric speciation are

present in gall midges which live in perennial

plants, hibernating and pupating in the galls;

mating and oviposition then occurs in close

proximity to the gall. However, assortative

mating, another prerequisite, is unlikely in

many instances because of the production of

unisexual families by females and swarming
flights of virgin males. Furthermore, in cases of

host shifts, even to closely related plant taxa, a

considerable reduction of fitness can be ob-

served. Nevertheless, analysis of life-history

traits offers a few examples in which gall midges

possess a niche structure appropriate for sympa-
tric speciation, e.g., Nearctic Rhopalomyia spe-

cies on Artemisia.

Finally, we must be aware that in a group of

phytophages, where so many related taxa share

related host plants, many more parallel events

will be discovered. Only when monographic
work is combined with a detailed study of host

plant relations, the major processes responsible

for the present gall midge diversity will become
understood.
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